A recently proposed asymmetric mirror dark matter model where the mirror sector is connected with the visible one by a right-handed neutrino portal, is shown to lead naturally to a 3+1 activesterile neutrino spectrum, if the portal consists only of two right-handed neutrinos. At tree level the model has four massless neutrino states, three (predominately) active and one sterile. The active neutrinos pick up tiny masses via the minimal radiative inverse seesaw mechanism at oneloop level. The loop effects also generate the large solar and atmospheric mixings, as well as the observed reactor mixing for certain ranges of parameters of the model. The dominant contribution to the sterile neutrino mass (∼ eV) arises from the gravitationally induced dimension-5 operators. Generating active-sterile mixing requires a two Higgs doublet extension of the standard model and a small mixing between the ordinary and mirror Higgs fields, which occurs naturally in mirror models.
I. INTRODUCTION
The fact that the three known neutrino species (ν e , ν µ , ν τ ) have masses and mix among themselves, has now been conclusively established by many neutrino oscillation searches, that involved heroic experimental efforts during the past two decades. These three neutrinos, known as active neutrinos, participate in weak interactions with full strength and are part of the standard model (SM), even though understanding their masses and mixings requires new physics beyond SM and is one of the most active areas of physics research right now. During the past several years, however, there have appeared indications from several experiments that there may be additional neutrinos, called sterile neutrinos (denoted by ν s ) which do not directly participate in the usual weak interactions. They, however, mix with active neutrinos to produce new effects in various experiments. These experiments are: the LSND experiment [1] , the MiniBooNE neutrino and anti-neutrino experiments [2] , two classes of experiments, one indicating a deficit in the reactor neutrino flux compared to theoretical calculations (known as the reactor anomaly) [3] , and another with similar deficit in the Gallium neutrino spectrum [4] . The new sterile neutrinos, which could explain some or all of these anomalies, must have masses ∼ eV in order to fit the observations [5] [6] [7] [8] . It is not clear how many such extra neutrino species are required by data. Furthermore, the compatibility of short baseline (SBL) experiments [9] with the precision data from the Planck satellite [10] , which indicates the presence of dark radiation, is still a matter of intense discussion, but there is the possibility that this dark radiation could also be a manifestation of sterile neutrinos. In view of all these indications for a light sterile neutrino, there has been vigorous renewed interest in this field [11] with many proposed experiments to test these indications. On the theoretical side, there are many efforts to study the implications of light sterile neutrinos for physics beyond the standard model (BSM). The current work is an effort in this direction and what we find interesting is that our work is a direct out growth of an effort to understand the nature of dark matter and is not a BSM scenario just to explain the sterile neutrinos.
An obvious challenge that theoretical attempts to understand sterile neutrinos must overcome is that since the sterile neutrino is a singlet under the SM gauge group, there is no reason for it to be as light as an eV as required to fit data; in fact its natural mass scale could be anywhere below the Planck mass. It is this aspect of the sterile neutrino physics that we explore in this paper, i.e. how to have a light sterile neutrino with mass in the eV range naturally while also simultaneously explaining the small masses of known active neutrinos. The model we discuss is a variation of a mirror model that was originally proposed to explain a light asymmetric dark matter (ADM) [12] and the relation Ω DM ≃ 5Ω baryonic ; as we will show in this paper, this model naturally leads to a light sterile neutrino with mass in the eV range, as required to fit current anomalies.
A simple way to understand the small sterile neutrino mass is to adopt the same strategy as is generally adopted for the active neutrinos, i.e. to invoke an analog of the B − L symmetry whose breaking at high scale is at the root of seesaw mechanism for small active neutrino masses [13] . A realization of this proposal can be given by assuming that the SM has a mirror counter part with identical forces and matter, with interactions in the two sectors being related by mirror symmetry [14] . The presence of the mirror symmetry prevents the proliferation of coupling parameters that could be feared to accompany the doubling of particle number. These models are also well motivated as providing a candidate for dark matter since the lightest mirror baryon is stable for the same reason as the familiar proton, i.e. the analog of baryon number in the mirror sector, denoted by B ′ . The relevance of this model to the lightness of the sterile neutrino is that just like in the SM, the three neutrinos of the mirror sector are massless due to the mirror analog of B − L symmetry (denoted by (B ′ − L ′ ) henceforth) [15] . A mirror analog of the seesaw mechanism could provide a natural way for sterile neutrinos to be light, making them perfect candidates for being sterile neutrinos. It, however, turns out that when the requirement of getting a dark matter out of this theory as in [12] is imposed, what is required is a variant of the usual seesaw mechanism, where we use a common set of heavy Majorana right-handed neutrinos connecting the visible and the mirror sector, instead of two sets as would be the case if we naïvely implement the seesaw mechanism in both sectors. Since the right-handed neutrinos are SM singlet fields, their couplings to lepton doublets and Higgs doublets of each sector are allowed by full gauge invariance of the theory. We describe the details of this model below but to summarize, the leading order result of adding a common set of right-handed neutrinos is that the neutrino mass matrix is a (6 + n R ) × (6 + n R ) matrix (where n R is the number of right-handed neutrinos), having the inverse seesaw form [16] . It turns out that when we impose the constraints of ADM in this model a la [12] , it predicts too large a mass (in the 100s of MeV) for mirror neutrinos if n R = 3. However, if we choose n R = 2, one of the three sterile neutrinos remains massless at tree level and picks up a small eV level mass due to Planck scale effects. This plays the role of the eV sterile neutrino. We then show how one-loop effects generate the masses and mixings of the active neutrinos as well as the mixings between the active and sterile neutrinos. We find an interesting result that to get the active-sterile mixing (ASM), we need a two Higgs doublet extension of the standard as well as mirror model. The paper is organized as follows: in Sec. II, we present an outline of the ADM model which provides a setting for the sterile neutrino discussion; in Sec. III, we present the neutrino sector of the model and show how the 3+1 model arises. Sec, IV is devoted to a detailed investigation of the neutrino masses and mixings in the active sector as well as the cross mixings between the sterile and active neutrinos. Simple numerical examples are shown in Sec. V before we conclude in Sec. VI.
II. BASIC OUTLINE OF THE MIRROR ADM MODEL
In this section, we review the basic features of the mirror ADM model of Ref. [12] , which gives an explanation of the similar magnitudes of dark matter content and baryon content of the Universe. The basic postulate of the model is the existence of a mirror sector analogical to our universe with identical forces and matter content, i.e. the gauge groups of the mirror sector is SU(3)
′ Y and the matter and Higgs assignments in the mirror sector are identical to those in the familiar SM sector. For simplicity, the mirror partners of the SM gauge bosons and fermions will be denoted by prime over the corresponding SM fields. Thus each particle that we know has a mirror partner. The two sectors are always connected by gravity, which couples to all energy and matter universally. The model has a mirror symmetry ( Z 2 symmetry) which connects all the interactions and couplings of the two sectors. Thus there are no new parameters in the model prior to symmetry breaking, even though the particle spectrum is doubled. Symmetry breaking is chosen such that the mirror electroweak vacuum expectation value (VEV) v ′ wk ≫ v wk . How this can be done starting with an exact mirror symmetric Hamiltonian has been explained in Ref. [17] . In this paper, we follow the basic framework outlined in Ref. [12] ; however, for one of the crucial parameter of the model, the ratio v ′ wk /v wk , we choose a higher value, i.e. v ′ wk /v wk ∼ 10 4 rather than 10 3 chosen in Ref. [12] to ensure that the heavier mirror neutrinos decay before the BBN epoch (see the discussion later). Due to this asymmetry, the mirror quarks become 10 4 times heavier than the familiar SM quarks. However, depending on the nature of symmetry breaking in the mirror sector compared to the familiar sector (e.g. if there are two Higgs doublets with different mirror asymmetric VEVs and hence a different value of tanβ in the mirror sector), the mirror quarks could be slightly lighter than 10 4 m q . If we then assume that at some super heavy scale the gauge couplings unify (or similar in magnitude), then, due to earlier decoupling of the mirror quarks from the mirror strong coupling evolution (compared to the familiar QCD coupling evolution), we will have [12] Λ ′ QCD ≫ Λ QCD , e.g. with Λ ′ QCD ≃ 2 GeV. It was argued in Ref. [12] that this could lead easily to the lightest mirror baryon (mirror neutron) with m B ′ ∼ 5m B 1 , thereby explaining the dark matter to baryonic mass density relation: Ω DM ≃ 5Ω baryonic .
The next issue in such models is how to satisfy the Big Bang Nucleosynthesis (BBN) constraints since there is a duplication of neutrino and photon number in the model. In Ref. [12] , a symmetry breaking pattern is chosen such that all the mirror neutrinos are much heavier and decay before the BBN temperature. Similarly, the mirror photon is chosen to have a mass of about 100 MeV so that via its mixing with familiar photon, it also decays before the BBN epoch. Here we will take a slightly different path as we explain below. Roughly speaking, we will assume that BBN allows an effective neutrino number to be four so that we can take one light sterile neutrino with about 10% mixing with the active neutrinos, as suggested by experiments. The two other mirror particles that could create problems for BBN are: (i) the mirror photon and (ii) the mirror electron, whose mass is about 5 GeV in our model. The mirror photon will be assumed massive as in Ref. [12] as just noted and will be allowed to decay via γ − γ ′ mixing; as was shown in [12] , this will decay safely before the BBN epoch to e + e − . As far as the mirror electron is concerned, e ′+ e ′− can annihilate to γ ′ γ ′ states and depleted enough to make a negligible contribution to the energy density of the universe at the BBN epoch. As shown in Appendix B, for low GeV range of electron mass, indeed this appears to be the case. Alternatively, we may adopt the same strategy as in [12] and assume that we break the mirror electric charge by a non-zero VEV to the charged member of the second mirror Higgs doublet which couples to the heavier mirror leptons. This not only gives mass to the mirror photon just discussed but also lets e ′ → ν ′ + γ ′ with a lifetime much less than a second so as not to affect BBN. All the details of this discussion are given in [12] . In any case, these aspects of the model are not pertinent to the discussion of the paper but are mentioned only to point out that the overall model is quite compatible with cosmology.
III. NEUTRINO SECTOR AND TREE LEVEL NEUTRINO SPECTRUM
The neutrino sector of the model is the key focus of this paper. We therefore identify explicitly some of the key points and quantities relevant to this discussion. Unlike Ref. [12] , we introduce only two heavy right-handed neutrinos N i to connect the ordinary and mirror 1 In the present work with v ′ wk /v wk ∼ 10 4 which is different from the model in [12] , we need a deep gluon potential to cancel out the large mirror quark masses, or other extra ingredients, to obtain a ∼5 GeV dark matter. More detailed discussion on this issue is given in Appendix A.
sectors, or specifically the three flavors of active neutrinos ν as well as mirror neutrinos ν ′ are connected in a mass matrix via the two right-handed "bridge" neutrinos. To proceed with further analysis, we first note that we can parameterize the right-handed mass matrix as a diagonal one, by a suitable choice of basis, i.e.
The Yukawa coupling involving the two right-handed neutrinos connecting the two sectors can be written as:
Generally h 1 = (h 11 , h 12 , h 13 ) and h 2 = (h 21 , h 22 , h 23 ), and then the resultant Dirac mass matrix and its mirror counterpart read, respectively,
As there are only two right-handed neutrinos in the model, by a appropriate unitary transformation, we can always decouple the two massless states (at tree level)
from the other massive ones, leaving the simplified 2 × 2 (mirror) Dirac matrix connecting the two left-handed neutrinos ν e, µ ( ν ′ e, µ ) and the heavy right-handed ones, written in the form of, respectively,
Consequently, the 6 × 6 neutrino mass matrix is, in the basis of (ν e, µ , N C ,ν ′ e, µ ),
In this case, there exist two more massless states at tree level, which are in the form of
have identical flavor structure prior to seesaw diagonalization. It follows from this expression that ν i are predominantly active neutrino states. Summarizing then, we have a total of three active neutrino states and one sterile state which are massless at tree level. This is the beginning of the construction of the 3 + 1 model. Next we discuss how these various states pick up masses.
Two of the three active massless states obtain their masses radiatively [18] , details of which are described in the subsequent section. The magnitude of those masses are, to the zeroth order in m
via the scalar and Z boson loops. Of the three sterile neutrinos, the two massive ones pick up mass via tree level seesaw as follows:
Since the model of Ref. [12] requires for reasons of leptogenesis that M R ∼ 10 8 GeV, we keep this value here and using the assumption stated
where M pl is the Planck scale. The ASMs of order 10% are radiatively generated via the mixing between the scalars in two sectors as we will see in a later section. With all the ingredients above, we arrives at the naturally built model for the 3+1 scenario.
IV. IMPLEMENTATION OF THE 3+1 MODEL
In this section we demonstrate explicitly all the ingredients aforementioned, including radiative generation of the active neutrino masses and mixings, gravitational generation of the eV scale mass, as well as the mixings between the active and sterile neutrinos induced by mixing of the scalars in the two sectors of the ADM model.
A. Radiative mass generation of the active neutrinos via inverse seesaw
In the ordinary neutrino sector, the two massless states in Eq. (7), predominately active neutrinos, can obtain their masses radiatively via inverse seesaw [18] , i.e. by the SM Higgs and Z boson loops shown in Fig. 1 . Using the Feynman rules for flavor number violating interactions [20] , we can obtain the effective neutrino mass at 1-loop level,
where we have defined the function
with α W = g 2 /4π is the weak coupling constant, m W , m H and m Z respectively the masses of the SM W , H and Z bosons, and α, β and γ the indices for the matrices M D and M R . In the limit of M 1 = M 2 2 , the effective active neutrino mass matrix can be factorized as where M = M 1, 2 , and the seesaw factor
As we expect, the masses of the three active neutrinos are suppressed by both the seesaw mechanism and loop factor. Moreover, due to the fact that
is of rank two, one of the active neutrinosν τ remains massless even at one-loop order. This could be either m 1 or m 3 depending on whether we have normal or inverted hierarchy (see our numerical analysis below). However, we stress that generally the reactor mixing angle θ 13 does not vanish.
When the scalar sectors are extended with two or more Higgs doublets, the massless active stateν τ can generally become massive. However, in the limit that the contributions from heavy scalars and pseudoscalars cancel out each other, we are left with the "leading order" SM contributions in Eq. (13).
B. Sterile neutrino mass from gravitational interactions
In an analogous manner to the one-loop generation of the active neutrino masses, the 1-loop diagrams with the mirror particles and the right-handed neutrinos would generate corrections to the mirror neutrino masses, but they do not affect the state ν ′ τ which decouples completely from other states, as long as the heavier (pseudo)scalars decouple from the lighter one as it is in the visible sector. We postulate that the eV sterile neutrino mass required for the SBL experiments is generated from gravitational interactions, e.g. via the dimension-5 operator in Eq. (10) . For the active neutrinos, the masses from the the dimension-5 operators are extremely small, mostly of order 10 −6 eV, and can be safely neglected. However, for the mirror neutrinos, after the mirror scalar get a non-vanishing VEV, we can obtain the effective operator With a coefficient of about 5 × 10 −3 , we arrive at the desired eV scale mass. 
C. Radiative generation of the active-sterile mixings
Besides the right-handed neutrinos and the gravitational interactions, the ordinary and mirror sectors in the ADM model can also be connected by couplings of the scalars and mixing of the gauge bosons. With regard to the ASMs, the relevant connections are the kinetic mixing of the ordinary and mirror Z bosons and the four-scalar interactions in the potential
Both these two channels contribute via one-loop diagrams, as shown in Fig. 2 . For the Z −Z ′ mixing loop, it is reasonable to assume that the Z ′ boson couples universally to the mirror neutrinos, as the weak interaction dedicates in the real world. Then, in this case, the Z − Z ′ mixing is proportional to
and does not actually contribute to the ASMs; thus we need only to consider the scalar loops to produce the ∼10% ASMs.
For simplicity, we first consider the case with only one Higgs doublet in both the viable and mirror sectors, and we will see explicitly why we need at least two Higgs doublets to generate the non-vanishing ASMs, and why the Z − Z ′ mixing does not induce the ASMs as just mentioned. When the φ and φ ′ get non-vanishing VEVs, we arrive at the mixing between the normal and mirror Higgs scalars,
then the resultant mixing mass matrix reads
3 In Eq. (10) where we have defined the function
As the scalars in the mirror sector is much heavier than those in the ordinary sector, we can safely make the approximation (20) which is independent of the ordinary scalar masses. Analogical to Eq. (13), with M 1 = M 2 , the mixing mass matrix can be factorized into the form
with the seesaw factor
This form of M νν ′ has the property that
which implies that the light sterile neutrino does not mix with the active ones! Similarly, it is clear that the contribution from Z − Z ′ loop is also proportional to
and therefore cannot generate the ASMs. Consequently, in the absence of the Planck scale induced effects, the two massless states ( ν τ and ν ′ τ ) are protected from radiative electroweak corrections in models with the minimal scalar sector. However, when the scalar sector is extended to include more doublets, due to the two sets of independent Yukawa couplings,
anymore and ASMs can be generated. 4 To estimate the magnitude of this mixing, we can parameterize the effective mixing matrix as follows:
where k and K are, respectively, the mass scales of the matrix elements of M D and M ′ D , and c i coefficients of order 0.1 indicating the cancellation between the scalar and pseudoscalar loops. The mixing matrix elements are typically of order
−7 x GeV for h ν ∼ 10 −2 , M R ∼ 10 8 GeV; for x ∼ 10 −3 They produce ν − ν ′ mixings of order 10%. 4 The extra heavy neutral scalars and pseudoscalars may lead to flavor changing neutral currents beyond the SM, e.g. the µ → eγ rare decay process. Following [21] , if we assume the flavor changing Yukawa couplings are proportional to √ m i m j with m i, j the masses of charged leptons involved and the the heavy scalar contribution dominates, the MEG experiment with a sensitivity of 5.7 × 10 −13 [22] would lead to a lower limit of about 350 GeV on the heavy scalar mass. 
V. NUMERICAL EXAMPLE
In this section, we give several numerical examples to illustrate the point that our model can reproduce the observed mixings for the three neutrino sub-sector while accommodating an eV sterile neutrino with mixing of order 10% for reasonable choice of parameters. Obviously, these are not predictions; instead they are meant to provide a guide as to expectations for observables such as neutrinoless double beta decay, that we discuss in the last subsection. We fit the parameters of the model so as to reproduce the observed oscillation parameters for the active neutrinos and present fits for the 3+1 model [6, 23, 24] (see Tables I and II) . Due to the large τ − mass, the SBL experiments are not sensitive to the tauon flavor, thus the constraint on θ 34 is comparatively rather loose, 0 < θ 34 < 30
• ; in our fit, as an illustrative example, we set explicitly the best fit value θ 34 = 5
• . In the model I below, the active neutrinos have a normal mass hierarchy whereas in model II, the mass hierarchy is inverted. We also present a model (model III) where the active neutrino masses are quasi-degenerate. 
and ( 
we arrive at the 4 × 4 effective neutrino mass matrix 
and 
5 Due to active-sterile mixing, the 3 × 3 submatrix of the matrix (27) can generally no longer be cast into the form of Eq. (14) . That is to say, we need to include the "subleading" corrections of the heavy (pseudo)scalars to the active neutrino mass matrix which would spoil the rank=2 matrix
In this example the correction is very small, i.e. a correction of (negative) 0.0024 GeV 
D. Expectations for neutrinoless double beta decay (ββ 0ν )
From the mass matrices in Eq. (27) , (30) and (33), we see that the effective mass in neutrinoless double beta decay m ee ∼ (0.05 − 0.1) eV, which implies a testable signal of our model in current relevant experiments [25] . In Fig. 3 we plot the predicted m ee in both the NH and IH cases, where all the relevant active and sterile neutrino data are allowed to vary in their 3σ ranges given in Tables I and II . Specially, the 3σ region for the variables ∆m 2 41 − θ 14 is from Fig. 1 of Ref. [6] . It is interesting that for the NH case, our model gives a large values of m ee (∼ (0.01 − 0.1) eV) in contrast with the pure three active neutrino case. This implies that if neutrinoless double beta decay is discovered in the current round of searches, this does not necessarily imply an inverted neutrino spectrum but could indicate the presence of an eV sterile neutrino. By the same token, if there is no evidence for ββ 0ν decay with effective mass m ee ≥ .01 eV, a large part of the parameter space of our model will be eliminated. Thus searches for ββ 0ν decay can provide an important test of this model.
VI. CONCLUSION
There are some indications of a light sterile neutrino from SBL and possibly cosmological data. Further confirmation of the observations is necessary but at this stage, their theoretical implications and their possible connections to other low energy observations in particle physics have already triggered a lot of activity. This work adds a different speculation in that regard, connecting the dark matter with the sterile neutrinos. We have shown that a recently proposed asymmetric dark matter model leads in a natural manner to a 3+1 neutrino spectrum which may go part of the way (or all the way ?) to accomodating the current SBL experimental data. Since both the sterile neutrino and the dark matter are beyond the minimal seesaw framework, such connections is quite intriguing and may provide a clue to directions for BSM physics. The key ingredients of our model are as follows:
1. The standard model has an identical counter part to it containing the same matter and force content and these two sectors are always connected by gravity: the so called mirror model. This model has a natural candidate for the dark matter, the lightest baryon of the mirror sector, and three extra neutrinos that can qualify as sterile neutrinos. There are heavy right-handed neutrinos connecting the two sectors that relate the baryon density of both sectors and predict a light dark matter with mass in few GeV range.
2. Due to the fact that we introduce two right-handed neutrinos connecting the two sectors, the three (predominately) active neutrinos and one sterile neutrino are massless at tree level. The masses and mixings of the active neutrinos are generated at 1-loop level via the minimal radiative inverse seesaw mechanism explaining the ultra-lightness of the familiar neutrinos. This is the key feature of our model. Specially, the reactor mixing θ 13 is produced in this process.
3. The eV scale mass for the massless sterile neutrino is generated from the d = 5 operators (cf. Eq. (10)), which is induced from gravitational interactions and thus highly suppressed by the Planck scale. To avoid the BBN constraint, the other two mirror neutrinos are set at the ∼ 100 MeV scale by appropriate choice of the mirror weak scale.
4. We have also analysed in detail the radiative generation of active-sterile mixing. We find that if the Z ′ boson couples universally to the mirror neutrinos, then the kinetic Z − Z ′ mixing does not contribute to the active-sterile mixings. Similarly the single Higgs doublet version of the model also does not lead to ν − ν ′ mixing. However, once there are more than one Higgs doublet in each sector, the "large" ν − ν ′ mixing arises. Crucial to this is the four-scalar mixing of type (φ † φ)(φ ′ † φ ′ ) in the Higgs potential as in Eq. (16) . The relevant coefficients are estimated to be of order 10 −3 .
With explicit formulas and reasonable simplifications we demonstrate in detail how this model can become a natural candidate for the 3+1 scenario. With the simple numerical examples we show that this model can easily fit the present active and sterile neutrino data. a very small relic density Ωh 2 = 7 × 10 −12 (4 × 10 −9 ). Fig. 4 tells us explicitly that mirror electron-positron pairs can annihilate fast enough, making a vanishing contribution to the energy budget of the universe.
